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behavior may have been exploited for bi-
ological function. For example, p115Rho-
GEF and LARG are cytoplasmic proteins
that need to be localized to the mem-
brane. Computational modeling on similar
systems has suggested that switching
behavior involving GAPs can provide the
kinetics needed for the rapid turnover of
signaling events (Turcotte et al., 2008).
By contrast, PDZRhoGEF is known to be
constitutively present at the plasma
membrane, possibly at high enough con-
centration that a mM binding affinity for
Ga13.GDP is meaningful. This would
prolong an association and activation of
PDZRhoGEF function toward RhoA.
Then, the switch has been tripped for
a functional purpose.
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The structure of a pilot protein (MxiM), in complexwith a peptide from its cognate secretin (MxiD), reported by
Okon et al. (2008), shows how specific recognition between the two proteins is achieved and suggests
a model for the way in which pilot proteins may function.Structure 16, October 8, 2008 ª2008 Elsevier Ltd All rights reserved 1441The secretins are an unusual and impor-
tant group of membrane proteins (Bayan
et al., 2006). Their function is only under-
stood in general terms—they mediate
the transit of a wide range of secreted
proteins across the bacterial outer mem-
brane. They play key roles in the type II
and type III bacterial secretion systems,
in the formation of type IV pili, and in the
assembly of filamentous bacteriophage.
To date, determination of the 3-D struc-
tures of secretins has been confined to
low-resolution electron microscopy stud-
ies (Collins et al., 2004). Electron micros-
copy images of purified secretins gener-
ally show a ring-like shape, indicating
that a channel is formed for the secreted
substrate. Secretin oligomers consist of
12 to14 monomers and are remarkable
for their stability, failing to dissociate
even after boiling in SDS PAGE buffer.With total molecular weights falling be-
tween 0.5 and 1.0 MDa, they constitute
one of the larger protein assemblies within
the outer membrane. Furthermore, the
type III secretion secretins, of which
MxiD is a member, form an integral part
of the ‘‘injectosome,’’ an assembly of
proteins which spans the inner and outer
membranes and is responsible for inject-
ing toxins into the cytoplasm of host cells.
Given the complexity of secretin assem-
blies, it is not surprising that several auxil-
liary proteins have been identified that are
essential for secretin oligomerization and
insertion into the outer membrane. Some
of these proteins have been termed ‘‘pilot
proteins,’’ but the precise way in which
they mediate assembly of secretins is un-
clear. In this issue of Structure, Okon et al.
(2008) present the first detailed descrip-
tion of a pilot protein (MxiM) in complexwith an 18-residue peptide fragment
derived from an outer membrane secretin
(MxiD). The structure suggests a model
for the way in which pilot proteins might
function by preventing premature aggre-
gation of MxiD before assembly and in-
sertion into the bacterial outer membrane.
MxiM adopts a ‘‘cracked’’ b-barrel
structure, which forms around a well-
defined apolar binding site (Figure 1A);
hydrophobic ligands, such as lipid mole-
cules, bind to this site with high affinity
(Lario et al., 2005). Okon et al. (2008)
narrow down the recognition site on
MxiD to a stretch of 18 residues that orig-
inate from the extreme C terminus of the
secretin. It is interesting to note that at
least one other pilot-secretin pair, PulS-
PulD, is also known to associate through
the secretin C terminus (Daefler et al.,
1997). The MxiD peptide binds at one
Structure
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ing with lipid ligands. MxiM responds in
a highly specific way to MxiD binding,
with a rearrangement of residues from
the hydrophobic core of the protein. The
MxiD peptide is unstructured in solution
but adopts a short turn-helix structure
on binding. The complex therefore pro-
vides an indication of the structural basis
for MxiD recognition by MxiM.
In vivo, MxiM is expressed as a lipopro-
tein, although the lipidmoiety has been re-
moved for the structural studies reported
by Okon et al. (2008). The lipid is attached
covalently to a conserved N-terminal cys-
teine residue after translation and, in com-
monwithmany other lipoproteins,MxiM is
then transferred to the inner leaflet of the
outer membrane through the concerted
action of two other proteins, LolA and
LolB. LolA binds the hydrophobic lipid on
the lipoprotein and guides it across the
periplasm to LolB, which then mediates
transfer of the lipid tail from LolA to the
outer membrane. Okon et al. (2008) note
a significant structural similarity between
LolA and MxiM: both adopt broken bar-
rel-type structures, built around hydro-
phobic binding sites. This observation
suggests a functional similarity, and leads
the authors toproposeamodel for theway
in which MxiM assists in MxiD assembly.
They propose that LolA and MxiM form
a ternary complex with MxiD, so that the
C terminus of MxiD occupies the binding
site on MxiM. The complex is formed by
displacement of the lipid tail, bound to
MxiM, onto LolA. The LolA-MxiM-MxiD
ternary complex thenmigrates to theouter
membrane. Here, the MxiD secretin is as-
sembled and the MxiM lipid tail finds its
home within the outer membrane. If cor-
rect, the model would provide an elegant
explanation for the dual recognition prop-
erties of the MxiM binding site. Work on
other pilot proteins provides some sup-
port for this model; it has been shown,
for example, that lipid attachment to the
Yersinia YscW pilot protein is crucial for
correct localization and assembly of the
YscC secretin (Burghout et al., 2004).
Also, examination of the function of Kleb-
siella PulS, a pilot protein for the type II
secretion system secretin PulD, showed
that PulD assembles and inserts into the
inner membrane in the absence of PulS
(Guilvout et al., 2006). This latter observa-
tion is particularly interesting, because it
distinguishes secretin assembly, which
seems to be possible without PulS, from
subcellular localization.
What implications does the current
work have for other proteins involved in
secretin assembly? Secretins exhibit
a high degree of sequence conservation
within their C-terminal regions, so one
might expect to find a similarly conserved
family of pilot proteins to mediate their
assembly. Interestingly, current evidence
does not support this hypothesis. In fact,
work to date has identified a bewildering
array of proteins that are implicated in
the assembly of different secretins. For
example, the lipoprotein PilW appears to
carry out a broadly similar function to
MxiM, promoting assembly of the PilQ se-
cretin from Neisseria meningitidis. How-
ever, the crystal structure of PilW shows
that it adopts a fold based on six serial
TPR domains (Trindade et al., 2008),
Figure 1. A Structural Gallery of Secretin-Binding Proteins
(A) MxiM from Shigella flexneri (PDB 1Y9T), with lipid ligand bound (1-monohexanoyl-2-hydroxy-sn-glyc-
ero-3-phosphate).
(B) PilW from Neisseria meningitidis (PDB 2VQ2).
(C) PilP from Neisseria meningitidis (PDB 2IVW).
Conserved residues in B and C are highlighted in red.
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(Figure 1B). Trindade and colleagues
(2008) identify PilW homologs in a number
of other Gram-negative bacteria, sug-
gesting conservation of this group of as-
sembly proteins across other organisms.
Okon et al. (2008) point out that the lipo-
protein PilP, which also binds to the PilQ
secretin but is not directly involved in as-
sembly, adopts a broken-barrel structure
(Golovanov et al., 2006), againwith a crev-
ice lined with conserved hydrophobic res-
idues (Figure 1C). To add further com-
plexity, there is evidence that the integral
outermembraneproteinOmp85, a protein
involved in the assembly and insertion of
a wide range of outer membrane proteins,
is also implicated in PilQ oligomerization
(Voulhoux et al., 2003). So, as well as em-
ploying specific proteins, some secretins
may also rely on more general mecha-
nisms used for outer membrane protein
assembly and insertion. The extent to
which the MxiM-MxiD assembly mecha-
nism proposed by Okon et al. (2008) is
transferable to other secretin assembly
proteins remains to be seen. It has, how-
ever, provided a useful model for further
studies of secretin construction and outer
membrane insertion.
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